Background: The precise involvement of the PI3K/mTOR and RAS/MEK pathways in
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TRANSLATIONAL RELEVANCE
The increasing incidence of NETs, the frequently advanced stage at the time of presentation, and the poor response to traditional chemotherapeutic agents indicate an important need for more effective systemic therapies. Molecular targeted therapies, such as mTOR inhibitors, have shown promise as a therapeutic alternative. In this study, we evaluated the efficacy of a pan-PI3K inhibitor (BKM120) and a dual PI3K/mTOR inhibitor (BEZ235), either alone or in combination with an MEK inhibitor (PD0325901) on proliferation and peptide secretion in human NET cells. Our findings indicate that the dual inhibition of PI3K and mTOR, using BEZ235, effectively increased NET cell apoptosis and, in contrast to PI3K inhibition alone with BKM120, did not stimulate NET peptide secretion. Furthermore, the combination of BEZ235 with the MEK inhibitor represented a safe and more effective treatment regimen in vivo compared with single agents alone. Therefore, our findings suggest that the dual inhibition of PI3K and mTOR pathways may represent a novel treatment strategy for advanced NETs and that combination with an MEK inhibitor may further enhance the anti-proliferative effect. 
INTRODUCTION
Carcinoid tumors are well-differentiated neuroendocrine tumors (NETs) most commonly occurring in the gastrointestinal tract (1) . Although rare, accounting for only 0.49% of all malignancies, their incidence has been increasing (1) . Effective treatment of carcinoid tumors remains difficult, as they are often resistant to traditional, cytotoxic chemotherapeutic agents (2) .
As a result, surgery remains the mainstay of treatment for carcinoid tumors (3) . Unfortunately, the indolent nature of these tumors often results in presentation after the development of metastases (3, 4) . This usually precludes curative resection and is associated with decreased 5-year survival (1) . The poor response to available systemic treatment modalities underscores the need for more effective and targeted therapies in the treatment of carcinoid disease.
The PI3K complex is a ubiquitous lipid kinase composed of an 85 kDa regulatory subunit and a 110 kDa catalytic subunit (5) . It exerts its influence through its downstream effectors Akt and mTOR (6) . Abnormal signaling in this pathway frequently occurs through constitutive activation of the PI3K subunits or downregulation or mutation of PTEN (7) . Upregulation of the PI3K pathway has been identified as a critical component in the growth and progression of numerous cancer types (8, 9) and has been implicated as a key contributor to the development of metastatic disease (6, 10, 11) . Recent evidence suggests that abnormal signaling through these pathways is a factor in NETs as well (8, 9) . In recent clinical trials, the mTOR inhibitor everolimus was used to treat pancreatic NETs and resulted in significantly prolonged progression-free survival (12) .
The RAS/MEK pathway also has a well-defined role in cancer development and progression (13) and is often closely integrated with the PI3K pathway (14) . Furthermore, cotargeting of these pathways can enhance the therapeutic response (15) (16) (17) . While the precise 6 pathway mutations in carcinoid tumors are less clear, the activation of RAS/MEK pathway components, such as the downstream effector ERK, has been identified. For example, in a study evaluating KRAS and BRAF mutations in NETs, only one BRAF mutation and no KRAS mutations were identified; however, the majority of these tumors showed constitutive activation of ERK (18) . Despite the recognition of these pathways as potential contributors to carcinoid disease, their specific role in carcinoid tumors is not well defined.
Management of carcinoid tumors is further complicated by their ability to secrete bioactive amines and peptides. These secretory products can cause carcinoid syndrome, which is characterized by severe flushing, diarrhea, bronchospasm, and cardiac fibrosis, and can result in death (3). The PI3K pathway has been linked to the control of microtubule dynamics, indicating its potential involvement in vesicle trafficking and the secretion of these bioactive products (19) .
Furthermore, PI3K has been identified as a potential negative regulator of peptide secretion. In a recent study, inhibition using the p110α specific inhibitor, PIK-75, resulted in upregulation of neurotensin (NT) peptide secretion from the human carcinoid cell line, BON (20) . These findings imply that the use of PI3K inhibitors for the treatment of carcinoid disease may increase secretion, which could result in adverse sequelae. The purpose of our study was to define the roles the PI3K and RAS/MEK pathways play in carcinoid cell proliferation and secretion as well as to determine the effects of combined inhibition on carcinoid tumor growth, apoptosis and peptide secretion. 
MATERIALS AND METHODS
Materials
Small molecule inhibitors.
PIK-75, a p110α specific inhibitor of the PI3K complex; rapamycin, an mTOR inhibitor; and PD0325901 and PD98059, MEK inhibitors, were purchased from Cayman Chemical (Ann Arbor, MI). BKM120, a pan-PI3K inhibitor, was purchased from Active Biochem (Maplewood, NJ), and BEZ235, a dual PI3K/mTOR inhibitor, was purchased from LC Laboratories (Woburn, MA). 
Generation of stable cell lines.
To produce retrovirus, 293FT packaging cells cultured in 60 mm dishes were cotransfected with pBabe-puro plasmid (1 μg) and Ampho packaging plasmid by Lipofectamine 2000 and incubated in growth medium overnight. Subsequently, the cells were cultured in complete medium (growth medium plus 1 mM MEM sodium pyruvate) for 24 h; the supernatant containing the retrovirus was collected, filtered through a 0.45-μm SFCA sterile syringe filter, and used to infect target cells. BON cells in 6-well plates (5 x 10 9 (2.5 μg/ml). Puromycin-resistant cell pools were collected and the overexpression levels were monitored by western blot.
Cell proliferation.
Cells were plated in 24 well plates at a density of 3x10 4 cells/cm 2 . Drug treatments were initiated the following morning after allowing the cells to adhere. Media was exchanged with fresh drug media at 36h. Cell proliferation was assessed at 72h directly by cell counting using a Beckman Coulter Cell Viability Analyzer (Fullerton, CA).
DNA fragmentation enzyme linked immunoassay (ELISA).
Cells were plated in 24 well plates at a density of 5x10 Western blots were performed as described above.
NT enzyme immunoassay (EIA).
Cells were plated in 24 well plates at a density of 1x10 Cells were treated with inhibitors in growth medium for 1h. Media were collected and stored at -80°C. Secreted NT peptide was measured by NT EIA as previously described (26, 27) .
Serotonin ELISA.
Cells were plated in 24 well plates at a density of 1x10 increasing dose levels, pairwise comparisons of treatment versus control and combination versus monotherapy. The model also included experiment as an additional factor to account for repeat experiments in these studies. Tumor growth curves and body weight over time were plotted. Two-sample t-tests were used to compare tumor weight, fold change in tumor volume, and fold change in body weight between treatment groups.
RESULTS
PI3K inhibition decreases carcinoid cell proliferation but increases signaling
through the RAS/MEK pathway. We first determined whether PI3K inhibitors alone were effective in the treatment of NETs. BON carcinoid cells were plated in equal numbers and treated with the pan-PI3K inhibitor BKM120 at various doses (1.0, 2.5, and 5.0 µM) or the dual PI3K/mTOR inhibitor BEZ235 at 10, 100, or 1000 nM. Cells were counted at 72h to evaluate responsiveness to treatment (Fig. 1A, B) . Cell number was significantly decreased at all doses for both BKM120 and BEZ235. Furthermore, a dose-dependent trend was observed across the range of doses tested. Two additional NET cell lines, NCI-H727 and QGP-1, were tested as well with a similar decrease in proliferation identified (Supplemental Fig. 2 ). The role of mTOR was also evaluated using rapamycin treatments (Supplemental Fig. 1 ). Significant inhibition was identified; however, the effects were less pronounced than with PI3K inhibition. In order to further confirm the benefit of targeted PI3K inhibition, effects on proliferation were evaluated using shRNA directed against the alpha subunit of the PI3K complex. Analysis was performed directly by cell counting at 24h intervals up to 96h (Supplemental Fig. 2C ). Significant reduction in proliferation was identified at all time points. Western blot analysis using whole BON cell lysates was performed to confirm that these effects were the result of targeted inhibition of the PI3K pathway ( Fig. 1C and 1D ). pAkt levels were progressively decreased with increasing doses of BKM120. Conversely, treatment with BEZ235 at 10 nM resulted in a slight induction of pAkt, possibly as a result of mTOR inhibition with associated loss of negative PI3K inhibition through the S6K feedback loop; this mechanism is supported by the finding of increased pAkt following treatment with mTOR inhibition alone (Supplemental Fig. 1 ). However, decreased pAkt was observed at the 100 nM and 1000 nM BEZ235 doses. The downstream targets p70S6K, S6, and 4E-BP1 were also analyzed.
Phosphorylation of all of these targets was decreased with increasing doses of BKM120. For BEZ235, phosphorylation of these targets was minimally affected at 10 nM; however, phosphorylation of all three targets was decreased at 100 nM and 1000 nM doses.
Inhibition of mTORC1 has been demonstrated to activate RAS/MEK signaling through an S6K-PI3K-RAS feedback loop in several cancer types (28) . Given such interactions between the PI3K and RAS/MEK pathways, we also analyzed the levels of pERK to evaluate crosstalk between these two pathways in NETs. Interestingly, levels of pERK were increased at all doses for both the BKM120 and BEZ235 treatment groups indicating compensatory signaling through the RAS/MEK pathway following treatment with a PI3K inhibitor alone.
PI3K inhibition results in an increase in apoptosis.
We next determined whether the response to treatment was the result of a cytostatic effect or, conversely, if it represented an increase in apoptosis. BON cells were treated with BKM120 at doses of 1.0, 2.5, and 5.0 µM or with BEZ235 at 10, 100, and 1000 nM for 24h and apoptosis measured by DNA fragmentation (Fig. 2) . DNA fragmentation was significantly increased at the middle and highest doses tested 
for both treatment groups. mTOR inhibition alone following treatment with rapaymycin was also assessed (Supplemental Fig. 1 ). No increase in apoptosis was identified.
To corroborate this apoptotic effect, Western blot analysis of PARP cleavage was also performed. Increased PARP cleavage corresponded with increases in DNA fragmentation. NCI-H727 and QGP-1 cells were tested to confirm the results in other NET cells. NCI-H727 cells showed a dose dependent trend similar to that identified in BON cells with DNA fragmentation significantly increased at both the middle and highest doses tested; increased DNA fragmentation was also identified in QGP-1 cells (Supplemental Fig. 3 ). Fig. 4) . mTOR inhibition alone with rapamycin showed an enhanced effect in BON and NCI-H727 cells; however, the response was not as pronounced as with PI3K + MEK inhibition and was absent for QGP-1 cells (Supplemental Fig. 1 ). Together, these data support enhanced inhibition of cell proliferation with combination PI3K + MEK treatments. Western blot analysis of BON cell lysate was also performed to evaluate the effects on PI3K and RAS/MEK pathway components. Treatment with a PI3K inhibitor individually or in combination resulted in decreased pAkt and reduced phosphorylation of the downstream effectors p70S6K, S6, and 4E-BP1. Treatment with PD0325901 (100 nM), both alone and in combination, decreased pERK expression. Importantly, the upregulation of pERK observed following treatment with BKM120 or BEZ235 alone was abrogated when combined with the MEK inhibitor.
Combination PI3K + MEK inhibition increases apoptosis relative to individual
agents. After confirming a decrease in cell number with combination treatment, we next determined whether the enhanced response associated with the MEK inhibitor was due to increased apoptosis. BON cells were treated with either BKM120 (5 µM) or BEZ235 (1000 nM) as single agents or in combination with PD0325901 (100 nM) as described above, and apoptosis measured by DNA fragmentation (Fig. 4) . Both the PI3K and MEK inhibitors significantly increased apoptosis when administered as individual treatments. Furthermore, combination PI3K + MEK treatment resulted in a significant increase in apoptosis compared with either individual agents. Similar to the BON cell line, both individual and combination treatments significantly increased DNA fragmentation in NCI-H727 and QGP-1 cells relative to control (Supplemental Fig. 5A and 5B). This enhanced effect was not present following treatment with mTOR + MEK inhibitors (Supplemental Fig. 1 ).
To corroborate these findings, BON cells were again treated with single and combination treatments as described. Cells were stained using annexin V Alex was also significantly increased for BEZ235 + PD0325901 compared to BEZ235 or PD0325901 alone and for BKM120 + PD0325901 compared to PD0325901 alone (Supplemental Fig. 5C ).
Subsequent Western blot analysis also showed increased PARP cleavage with individual PI3K or MEK inhibitor treatment (Fig. 4) . The increase was even more prominent with combination PI3K + MEK inhibition. Additionally, increased cleavage of caspase 3 was identified in the combination treatment groups. single and combination agents as described above and media collected for analysis of serotonin secretion (Supplemental Fig. 6A and 6B ). Similar to analysis of NT secretion, serotonin secretion was decreased following treatment with PD0325901. This decrease was maintained following combination BEZ235 + PD0325901 and BKM120 + PD0325901 treatments.
Expression of CgA, another secretory product of carcinoid tumors, was also analyzed by Western blot in BON cells (Supplemental Fig. 6C ). Decreased expression of CgA was noted in all treatment groups; however, the greatest decrease was identified following treatment with BEZ235 and BEZ235 + PD0325901. compared to both control and individual treatments. At study completion, tumor volumes in the combination treatment group increased by only 2.4-fold compared to the 12.5-fold increase in the control group. Comparisons of tumor weight were not significant for BEZ235 relative to control (p=0.133) or for combination treatment compared to PD0325901 alone (p=0.051), although they did follow a similar pattern as tumor volume (Fig. 6B) .
In order to confirm on-target effects following treatments in vivo, the BON xenografts were harvested and analyzed by Western blot (Fig. 6C) . Phosphorylation of Akt, p70S6K, S6, 4E-BP1, and ERK were evaluated. Although pAkt had variable expression, decreased phosphorylation of the downstream targets p70S6K, S6, and 4E-BP1 were identified following treatment with BEZ235 and BEZ235 + PD0325901. Decreased phosphorylation of ERK was also noted for groups treated with PD0325901 and BEZ235 + PD0325901. These findings support the targeted effects of these inhibitors in vivo.
Four mice died early in the treatment period, two in the BEZ235 treatment group and two in the combination treatment group. Mortality occurred shortly after oral gavage in these mice, and necropsy showed mottling of the lungs, which is consistent with administration of the treatment into the trachea. As a more accurate assessment of toxicity, there was no significant reduction in weight between the mice in the various treatment groups compared to control nor were other signs of acute or delayed toxicity present (Fig. 6D) . Collectively, these data indicate that the dose and treatment schedule tested in this experiment are well tolerated by the mice and demonstrate effective BON tumor inhibition. In this study, we evaluated the role of the PI3K and RAS/MEK pathways in NET proliferation, apoptosis, and secretion. First, we showed that PI3K pathway inhibition results in both decreased proliferation and increased apoptosis in multiple NET cell lines, while concomitantly increasing signaling through the RAS/MEK pathway. Second, we demonstrated that using the MEK inhibitor, PD0325901, to block this compensatory signaling enhanced the antineoplastic effects over either agent alone. Interestingly, we found that, similar to the p110α specific PI3K inhibitor PIK75, the pan-PI3K inhibitor BKM120, stimulated peptide release from the functioning BON carcinoid cell line; however, the dual PI3K/mTOR inhibitor, BEZ235, did not increase secretion. Treatment with the MEK inhibitor, PD0325901, decreased NT secretion; this decrease was sustained when used in combination with BEZ235. Finally, we demonstrated that combination treatment with BEZ235 and PD0325901 is both safe and effective for the in vivo treatment of mice bearing BON xenografts.
Mutations resulting in aberrant activation of signaling pathways provide a selective advantage for cancer cells compared to their normal counterparts. Upregulation of the PI3K pathway, in particular, has been demonstrated as a key contributor to tumor progression in a number of cancer types (9) . In carcinoid tumors, compromised regulation of the PI3K complex has been attributed to activation of Akt or loss of PTEN expression (29) (30) (31) . In addition, global inhibition of PI3K with LY294002 or selective siRNA knockdown of Akt1 has previously been shown to inhibit carcinoid cell proliferation (32, 33) . In our current study, we extend these findings by confirming that the pan-PI3K inhibitor, BKM120, and the dual PI3K/mTOR inhibitor, BEZ235, decrease proliferation in multiple NET cell lines. We further show that, at least in vitro, the mechanism may include increased cell death rather than strictly a cytostatic effect; however, these cytotoxic effects are less evident in vivo. 
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The abnormal activation of the RAS/MEK pathway also occurs in many cancers, including carcinoid tumors (18, 34) . This was demonstrated in a study of 40 primary gastroenteropancreatic NETs, in which activated ERK was identified in all specimens (18) . In addition to the individual contribution of the RAS/MEK pathway, significant crosstalk with the PI3K pathway can also occur. For example, treatment with the mTORC inhibitor, RAD001, can increase RAS/MEK pathway signaling through an S6K-PI3K-RAS feedback loop (28). Zitzmann et al (15) also showed that combination treatment with an mTOR inhibitor and a high dose RAF inhibitor is capable of enhancing anti-tumor effects in neuroendocrine cells. In our study, we demonstrate that, in addition to mTOR, inhibition of the PI3K complex alone also results in compensatory signaling through the RAS/MEK pathway, as indicated by an increase in pERK expression following treatment with both BKM120 and BEZ235 at all doses tested. We further show that combining PI3K and MEK inhibition significantly increases DNA fragmentation and is associated with increased PARP and caspase 3 cleavage. Furthermore, combination treatment using BEZ235 and PD0325901 in vivo is both a safe and effective treatment and offers a greater therapeutic benefit than either agent alone. Together these data provide a strong argument for the use of dual PI3K and MEK inhibition as treatment for NETs.
A unique feature of carcinoid tumors is their ability to secrete bioactive substances. When the tumor is localized to the bowel, these substances are metabolized by the liver, thereby preventing sequelae; however, when liver metastases are present, these substances are released systemically and can result in carcinoid syndrome with potentially life-threatening effects (35) .
As shown by Li et al (20) , the loss of negative regulation from the PI3K pathway results in an increase in NET peptide secretion, a process that appears to be dependent upon the p110α subunit. In our study, we show that while the pan-PI3K inhibitor, BKM120, significantly increases carcinoid cell apoptosis, peptide secretion is also stimulated. Furthermore, the decreased secretion observed with PD0325901 treatment only partially counteracts this increase when used in combination with BKM120. This augmentation of carcinoid cell secretion has the potential to produce adverse effects in the clinical setting. In contrast, we demonstrate that the dual PI3K/mTOR inhibitor, BEZ235, significantly inhibits NET growth but, in contrast to BKM120, does not stimulate peptide release. These results argue that dual inhibition with BEZ235 and PD0325901 is unlikely to be associated with adverse effects related to enhanced secretion and may actually provide a therapeutic benefit in those patients with carcinoid syndrome.
In summary, we show that PI3K inhibition effectively decreases carcinoid cell growth Whole cell lysates were also collected after 24h of treatment and Western blot analysis performed for PARP and caspase 3 cleavage. β-actin was used as a loading control. 
